The polychlorinated biphenyl congener 2,3,4,5,6-pentachlorobiphenyl and hexachlorobenzene were reductively dechlorinated in an aqueous biomimetic model system containing vitamin B12. The products of 2,3,4,5,6-pentachlorobiphenyl dechlorination were 2,3,5,6-and 2,3,4,6-tetrachlorobiphenyl. Hexachlorobenzene dechlorinated to pentachlorobenzene and a mixture of 1,2,4,5-and 1,2,3,5-tetrachlorobenzene. The proton from water was shown to be the source of the hydrogen atom used for the replacement of chlorine on the biphenyl ring.
The concern about synthetic chemical compounds such as polychlorinated biphenyls (PCBs) and hexachlorobenzene (HCB) as a threat to living organisms (21) has fostered research on innovative treatment technologies for their destruction. Because of their hydrophobic properties, these compounds accumulate in fatty tissues of all organisms (21) . In the environment, they often partition into aquatic sediments, where they decompose very slowly by reductive dechlorination (4, 18) . Reductive dechlorination (R-Cl + H+ + 2e --R-H + Cl-) of a chemical compound requires the transfer of two electrons to R-Cl, the release of chlorine as chloride (19, 22) , and the scavenging of a proton from solution. A better understanding of the factors that enhance this important and major anaerobic transformation of PCBs is crucial for the design of any biological or chemical process concerned with their destruction. Laboratory studies have shown that highly chlorinated isomers of PCBs and HCB are extremely resistant to microbial oxidation; however, bacterially mediated reductive dechlorination results in less-chlorinated analogs, which are more susceptible to oxidation and often less toxic (3, 9, 18) . No anaerobic microbial pure culture capable of dechlorinating these compounds has been isolated yet, and the mechanism of reductive dechlorination by anaerobic mixed consortia is still unknown. Attempts to chemically reduce chlorinated aromatic compounds with the transition metal coenzymes vitamin B12 and hematin have been reported only for the monoaromatics HCB, pentachlorobenzene, and (2,4,5-trichlorophenoxy)acetic acid (10) . These attempts and others on a range of aliphatic compounds (1, 5, 10, 11, 13) , on aliphatic moieties of aromatic compounds (24) , and on alicyclic compounds (2, 15) , combined with knowledge about the existence of the coenzyme catalysts in anaerobes (23) , support the hypothesis that these catalysts are involved in nonspecific microbial dechlorination (10, 22) . However, until this work, PCBs have not been shown to undergo these abiotic biomimetic reactions.
The reductive dechlorination of 2,3,4,5,6-pentachlorobiphenyl (AccuStandard, New Haven, Conn.) and HCB (Accu Standard) was assayed by using a buffered, anoxic water-1,4-dioxane medium. Dithiothreitol (DTT; Sigma Chemical Co.) was used as the reducing agent, and vitamin B12 (cyanocobalamin; purity, ca. 99%; Sigma Chemical Co.) was * Corresponding author. used as the electron transfer mediator ( Fig. 1 and 2 (20) . The reactions were performed by a method adapted from that of Krone et al. (13) . Serum vials (10 ml) contained a 1-ml solution of 0.5 M Tris buffer (pH 8.1; Sigma Chemical Co.) and 300 mM DTT. The mixtures were rendered anoxic by the combination of DTT and flushing with N2 gas (99.9%). The vials were wrapped with aluminum foil, since vitamin B12 is light sensitive, and sealed with a Teflon-faced rubber septum and an aluminum crimp seal. Solutions of HCB (560 ,uM) and 2,3,4,5,6-pentachlorobiphenyl (2 mM) in the solvent 1,4-dioxane were prepared. A 1-ml volume of these solutions was transferred to the serum vials, yielding a completely miscible 1:1 mixture of aqueous buffer and solvent. The amount of vitamin B12 added to all samples was 880 nmol. HCB and 2,3,4,5,6-pentachlorobiphenyl were analyzed in triplicate samples at five different time points (time 0, week 1, week 2, week 3, and week 4). Dechlorination beyond week 4 was not investigated. In all vials containing vitamin B12, the reaction mixture was amber colored (reduced vitamin B12) and dechlorination products were detected. In previous experiments, no dechlorination was detected in pink vials (oxidized B12), indicating a failure to maintain anoxic conditions. Controls, in which vitamin B12 was absent, were prepared in duplicate and analyzed at the same time points. No dechlorination products were observed in the controls during the entire 4-week period. Reductive dechlorination took place to a lesser extent in preliminary experiments in which methanol was used instead of 1,4-dioxane to dissolve HCB and 2,3,4,5,6-pentachlorobiphenyl. All vials were shaken at 30°C. In separate experiments in which the temperature was raised to 60°C, the rate of dechlorination, as expected, was greater than at 30°C. Also, dechlorination was not observed with vitamin B12 or cobalt(II) chloride in a 100% aqueous medium, indicating that the reaction might be limited by the solubility of the chlorinated compounds. 2,3,4,5,6-Pentachlorobiphenyl and HCB and their products were analyzed after extraction of an entire sample (2 ml) with 4 ml of hexane. The 1,4-dioxane was back-extracted with a 2% NaCl solution. The chlorinated compound extraction efficiency was greater than 90%. Sample quantitation was done by using external standards. Gas chromatography was performed on hexane extracts by using a HewlettPackard 5890A gas chromatograph equipped with an electron capture detector. A Hewlett-Packard 50-m SE-54 fusedsilica capillary column (inside diameter, 0.2 mm; film thickness, 0.11 ,um) was used. Injection was split 10:1, with helium carrier gas and a column flow of 0.7 ml/min at 32 lb/in2 column head pressure. Argon-methane (95%-5%) was the detector makeup gas. The injector and detector temperatures were 240 and 325°C, respectively. For 2,3,4,5,6-pentachlorobiphenyl analysis, the oven program was 60°C initially, ramping at 0.8°C/min to 170°C and holding at that temperature for 5 min. For HCB analysis, the oven program was 60°C initially, ramping at 1°C/min to 150°C. Mass spectrometry was performed on a Finnigan Incos 50 mass spectrometer equipped with a Hewlett-Packard 5890A gas chromatograph for chromatography.
The dechlorination of 2,3,4,5,6-pentachlorobiphenyl resulted in the removal of one chlorine at either thepara or the meta position. The products were identified as 2,3,5,6- tetrachlorobiphenyl (69 mol%) and 2,3,4,6-tetrachlorobiphenyl (31 mol%) (Fig. 1A and 3) . The product yield was only 3.5% of the initial concentration of the reactant, 2,3,4,5,6-pentachlorobiphenyl. The yield is expected to be higher if a reducing agent with a lower redox potential than DIT is used. Preliminary experiments suggest that different rates will occur with different electron donors. When dechlorination of 2,3,4,5,6-pentachlorobiphenyl was assayed in D20 buffer, the products were deuterated (Fig. 4) . Deuteration did not take place in controls lacking vitamin B12, and vitamin B12 did not catalyze deuterium-hydrogen exchange with 2,3,4,5,6-pentachlorobiphenyl in noncontrol samples, showing that hydrogen on the biphenyl ring was not freely exchanged with deuterium from solution. These results confirm that deuterium was incorporated only during reductive dechlorination, which is consistent with results of in vivo experiments with anaerobic sediments, showing that water is the source of the hydrogen atom that replaces chlorine on the biphenyl ring (17) .
The dechlorination of HCB resulted in pentachlorobenzene and small but significant amounts (3 ,uM) of 1,2,4,5-tetrachlorobenzene (82 mol%) and 1,2,3,5-tetrachlorobenzene (18 mol%) (Fig. 1B and 5 ). The ability of vitamin B12 to dechlorinate HCB to pentachlorobenzene has recently been reported (10) . Their solution was 2:1 water-tetrahydrofuran oxidized pollutant R Cl with the reductant titanium(III) citrate, which has a standard redox potential of -0.480 V, whereas DTT has a higher standard redox potential (-0.330 V) (14) . The same tetrachlorobenzene products, in the same proportion, were formed in both their experiments and our experiments, but they were formed at a higher rate in their experiments with titanium(III) citrate. This suggests that the rate, but not the product distribution, is affected by the type of reducing agent used.
The belief that reductive dechlorination by coenzymes occurs only on aliphatic chains with two or four chlorines on the same carbon (11) and that it does not appear to occur with aromatics (la) is now outdated as a result of recent research on HCB dechlorination (10) and by the results of this work, which demonstrate the ability of vitamin B12 to mediate the reductive dechlorination of two highly chlorinated aromatic compounds, a pentachlorobiphenyl and HCB, in an anoxic water-dioxane medium. The substitution of the chlorines by protons from water suggests the formation of a carbanion or carbon radical during the course of the reaction. More research is needed to assess the mechanism of the reaction and the exact role of vitamin B12 in the dechlorination of the pentachlorobiphenyl congener tested and of other congeners or mixtures of congeners that are found in polluted wastes and sites. Although enzymatic reductive dechlorination of chlorobenzoate has been demonstrated (7) , in other cases reductive dechlorination (10, 11, 13) in the absence of a protein suggests the possibility of nonenzymatic degradation of chlorinated pollutants by microbial agents. The experimental buffer-solvent medium used to increase the solubility of the hydrophobic chlorinated aromatic compounds is consistent with microbially mediated dechlorination reactions in or near the cell membrane where hydrophobic compounds might partition. Cobalamins in the microbial cell membrane (6) (8, 16, 21a) . In addition to its significance for study of the mechanism of reductive dechlorination, this experiment offers the advantage of using mild aqueous catalytic conditions. Once optimized, it might serve as the basis for the design of detoxification of heterogeneous systems involving solid surfaces. Because of the water component, the reaction does not have the limitations of many existing commercial processes of PCB degradation, as many of these processes dechlorinate PCBs in oil and cannot be attempted in soil and sediment matrices, which contain water (12) .
